Steady-state and dynamic fluorescence properties of 6-lauroyl-2-dimethylaminonaphthalene (Laurdan) have been used to ascertain the coexistence of separate phase domains and their dynamic properties in phospholipid vesicles composed of different mole ratios of dilauroyl-and dipalmitoyl-phosphatidylcholine (DLPC and DPPC, respectively). The recently introduced generalized polarization together with time-resolved emission spectra have been utilized for detecting changes. The results indicate the coexistence of phospholipid phase domains in vesicle compositions in the range between 30 mol% and 70 mol% DPPC in DLPC. Below and above these concentrations a homogeneous phase is observed, with averaged properties. In the case of coexisting phase domains, the properties ofeach individual phase are largely influenced by the presence ofthe other phase. Implications on fluctuations between the coexisting phases and on the size and shape of domains are discussed.
INTRODUCTION
Physical properties of phospholipids in the bilayer arrangement depend on their chemical structure. Increasing gel to liquid-crystalline phase transition temperatures are observed in phospholipids with higher numbers of carbon atoms in their acyl residues. Different polar heads can also vary the phospholipid transition temperature range, generally increasing with phosphatidylcholine (PC)* = phosphatidylglycerol (PG) < phosphatidic acid (PA) < phosphatidylserine (PS) < phosphatidylethanolamine (PE).I In biological membranes, because of the complex phospholipid composition, the physical properties of the membrane, such as its phase state, can either arise from the weighted average properties of the components or from domain segregation of phospholipids displaying nonideal miscibility, each domain possessing properties peculiar to its components.
The existence of separate phase-state domains in the plane of the membrane can be of relevance for the modulation of several cell physiological functions, for the diffusion dynamics of molecules in the membrane and through the membrane and for the partition and activity of membrane-associated *Presented at the Second International Symposium on Innovative Fluorescence Methodologies in Biochemistry and Medicine, held 23-26 September 1991 in Frascati, Italy. The Symposium was sponsored by the Italian CNR, Istituto di Medicina Sperimentale, the Globals Unlimited@ software division of the Laboratory for Fluorescence Dynamics at the University of Illinois at Urbana-Champaign, IL, and Universita' di Roma Tor Vergata'. This paper was peer-reviewed following the usual procedure of Photochemistry and Photobiology. *To whom correspondence should be addressed. $4bbreviations; DLPC dilauroyl-phosphatidylcholine; DPPC: dipalmitoyl-phosphatidylcholine; Laurdan: 6-dodecanoyl-2-dimethylaminonaphthalene; GP: generalized polarization; POPOP 2-2'-p-phenylenebis(5-phenyl)oxazole; PBS: phosphate-buffered saline solution; P C phosphatidylcholine; P G phosphatidylglycerol; P A phosphatidic acid; PS: phosphatidylserine; PE: phosphatidylethanolamine.
enzymes. "Fluidity" variations accompany several physiological and pathological events2.' and can control the mobility and expression of proteins and re~eptors.~J In recent years, an increasing number of reports presented evidence for the existence of domains in biological membrane^,^,^ with different lipid and protein compositions. The variation of Ca2+ ion concentration can also favor the creation of domain^.^,^ Generally, the reported evidence refers to relatively large domains, possessing specialized functions, as in the case of epithelial cells,'o or reflecting peculiar functions such as lymphocyte capping." In the present work we are mainly concerned with the existence of lipid phase-state domains in phospholipid multilamellar vesicles, to be related to the different molecular mobility of the lipids, and with the possibility of interconversion between these phase-state domains with characteristic kinetics.
Recently, lipid domains have been observed using fluorescence digital imaging microscopy. f 2 This technique may not be suitable for the observation of small phase-state domains because of the inherent limited spatial resolution of visible light microscopy. Fluorescence spectroscopy can be profitably used for the assessment of the existence of membrane domains, their quantitation and the determination of the kinetics of interconversion between them.
Fluctuations between coexisting phases have been detected by studying the rotational behavior of the two isomers of parinaric acid in phospholipid vesicles." Critical density fluctuations have been determined at temperatures slightly below the main phase transition, with an estimated lifetime of about 30 ns. The rotational behavior of a long-lived fluorophore, coronene, has been studied in mixed-phase phospholipid bilayer~,'~ and dramatic changes have been observed after 20-200 ns from excitation, interpreted as phase fluctuations. Ultrasound technique has also been used with the purpose of detecting phase interconversion in phospholipid bilayers." The ultrasound absorption has been observed t o increase at temperatures close to the phase transition and has been associated with dissipative density fluctuations with kinetics of 20-60 ns. The above studies imply delicate measurements, and the kinetics of the fluctuation between the two phases is often estimated to occur in a relatively wide time range.
In the present study we utilize the sensitivity of the novel fluorescent membrane probe 6-dodecanoyl-2-dimethylaminonaphthalene (Laurdan) to the polarity of its environment to detect phase-state domain coexistence. Laurdan steadystate emission maximum and spectral center of gravity strongly depend on the polarity of solvents,f6 with the emission maximum at 387 n m in dodecane and at 503 nm in m e t h a n~l . '~ In phospholipid vesicles, the Laurdan emission maximum shows a 50 n m red shift by passing from the gel to the liquid-crystalline phase. The separation of Laurdan spectral components and the possibility of selectively exciting probe molecules in different environments have been used to develop the concept of generalized polarization (GP),I6,' expressed as:
where B and R are the fluorescence intensities measured at the maximum emission characteristic of the probe in gel and liquid-crystalline phospholipids and typically at 440 nm and 490 nm, respectively. Analogous to the fluorescence polarization, after selectively exciting Laurdan molecules surrounded by lipids in the gel or in the liquid-crystalline phase, the G P value will reveal if the initial photoselection has been maintained or lost.
The physical origin ofthe large spectral shift in the Laurdan emission is generally referred to as solvent dipolar relaxation,'* indicating a solvent dipole reorientation around the fluorophore excited-state dipole, when the solvent molecular kinetics and the fluorophore lifetime are of the same order. The loss of energy required for the reorientation of solvent dipoles is reflected in the fluorophore emission red shift. By following the time evolution of the emission maximum or of the center of mass of the emission spectrum, detailed information on the dynamics of the surrounding dipoles can be obtained.
In previous work we reported time-resolved spectra of Laurdan in a 50 mol% mixture of dilauroyl-and dipalmitoylphosphatidylcholine (DLPC and DPPC, respectively) at 20°C. The emission spectrum was shifted toward higher wavelengths as the time after excitation increased. After about 30 ns from excitation, an inversion in the direction of the emission spectrum shift was observed and was interpreted as due to interconversion between the coexisting gel and liquidcrystalline phases.
In this work we present a more extensive study of the dipolar relaxation phenomenon in multilamellar vesicles composed of different concentrations of the two phospholipids. Our results show that phase domains exist in a wide range of phospholipid compositions, although the relaxation properties of Laurdan in one phase are influenced by the presence of the other phase. The recently introduced GPI6 has been used to estimate the domain size by its value dependence on excitation and emission wavelength. Finally, a method to determine phase-state domain coexistence and to quantitate them is given by simple steady-state G P measurements at different excitation and emission wavelengths.
MATERIALS AND METHODS
Dilauroyl-(DLPC) and dipalmitoyl phosphatidylcholine (DPPC) from Avanti Polar Lipids, Inc. (Alabaster, AL) were used without further purification. Laurdan was from Molecular Probes, Inc. (Eugene, OR). Phosphate-buffered saline solution (PBS) was from Flow Laboratories (UK). Solvents were spectroscopic grade.
Multilamellar phospholipid vesicles were prepared by evaporating the appropriate amount of phospholipids and Laurdan solutions in chloroform under a nitrogen stream. The remaining film was then resuspended in PBS, capped under nitrogen, warmed above the phospholipid transition temperature and vortexed. All operations were performed in the dark or under red light. Samples were measured immediately after preparation. The final concentration of the total phospholipids was 0.3 mM and of the probe was 0.7 pM in the samples used for time-resolved experiments, 0.5 pM in samples used for lifetime measurements and 0.3 ph4 in samples used for steadystate measurements.
Fluorescence measurements. Fluorescence steady-state measurements were performed using a photon counting fluorometer (model GREG PC, ISS Inc., Champaign, IL). The sample compartment was kept at 20°C with a circulating water bath.
Fluorescence lifetime measurements were performed using an automated phase fluorometer equipped with an He-Cd laser (325 nm), and the temperature in the sample compartment was kept at 20°C by a circulating water bath. The emission wavelengths were changed from 410 nm to 550 nm in 10 nm steps by an automated monochromator with 16 nm bandwidth. 2-2'-p-Phenylenebis(5-phe-ny1)oxazole (POPOP) in ethanol was used as the reference (7 = 1.35 ns). Lifetime measurements integrated over all the Laurdan emission spectra were performed using an ISS K2 fluorometer, equipped with a xenon arc lamp. The excitation was 340 nm, and the emission was collected after a Janos 375 cutoff filter. An additional bandpass filter (Coming 754) was used after the excitation monochromator. POPOP in ethanol was used as the reference. Data analysis was performed using the Globals Unlimited software (University of Illinois at Urbana-Champaign).'9 Time-resolved spectra were generated using the software provided by ISS Inc.
RESULTS
Laurdan steady-state emission spectra obtained using an excitation wavelength of 340 nm, at 20°C, in pure DLPC and DPPC multilamellar vesicles and in mixtures of different composition of the two phospholipids are reported in Fig. I A. As the concentration of DPPC in DLPC increases, a blue shift of the Laurdan emission spectrum can be observed. In Fig. 1 B the steady-state excitation spectra for the same samples, at 20°C, are reported. By increasing the DPPC concentration in the vesicles, an increase in the intensity of the excitation red band can be observed, together with a slight decrease in the blue band.
Laurdan steady-state emission spectra have also been obtained at 20°C and in the same samples but using an excitation wavelength of 410 nm. The ratios between the two emission spectra, the one obtained using 340 n m excitation and the one obtained using 4 10 n m excitation, for each sample, are reported in Fig. 2 . This figure clearly indicates that only spectral relaxation is taking place in the homogeneous liquid-crystalline phase, whereas phase coexistence is also present in the mixtures in the range between 30 mol% and 7 0 mol% DPPC in DLPC.
In Fig. 3 we report the Laurdan GP values obtained at 20°C in vesicles of various concentrations of DPPC in DLPC using 340 nm or 4 10 n m excitation and emission wavelengths of 440 n m and 490 nm. The GP was calculated by Eq. (1).
In Fig. 4 the time-resolved spectra of pure DLPC (A), of 30 mol% (B). 40 mol% (C). 70 mol% (D). 80 mol% fE) DPPC In the first 40 ns a red shift can be observed, whereas after this time the spectrum shifts slightly to the blue. In Fig. 5 the center of gravity of the Laurdan emission spectrum as a function of time after excitation is reported for the different samples. For samples with a low DPPC concentration, a large shift of the center of mass is observed.
In samples with high DPPC concentrations (70-100 mol%) the center of gravity shows a relatively small change with time. Simulated data, obtained by adding the proportional contribution of each component and taking into account the difference of Laurdan lifetime value in the pure components, are also reported in Fig. 5 .
DISCUSSION
Steady-state and time-resolved results clearly indicate that mixtures of various DLPC and DPPC concentrations have different spectroscopic properties than those expected from the simple addition of two separate phases, each independently contributing to the total signal, as shown by the sigmoidal curve of Fig. 3 and by the shift of the spectral center of mass in Fig. 5 . The question arises whether the mixtures of different compositions behave as a homogeneous phase with intermediate properties or whether we can describe spectroscopic properties of the mixture using two separate sets of parameters that are only slightly different from those of the gel and of the liquid-crystalline phase, i.e. the gel phase is slightly modified by the presence of the liquid-crystalline phase, and vice versa. First. we address the ouestion concerning the existence of a homogeneous phase with intermediate properties. We have observed that the emission spectrum depends on the wavelength of excitation (Fig. 3) . There are two different reasons for the emission spectrum to depend on the excitation wavelength. One Dossibilitv is that there are at least two distinci species each one with its own excitation wavelength and emission spectrum. This would be the case for coexisting phase domains. A different reason for the emission spectrum to depend on the excitation wavelength is due to the process of dipolar relaxation. When excitation occurs in the blue part of the absorption spectrum there is a photoselection of molecules with energetically unfavorable orientation of the surrounding dipoles (Fig. 2, DLPC spectrum) . These configurations can relax during the excited-state lifetime causing a time-dependent shift of the emission spectrum toward lower energies as the relaxation process proceeds. When excitation occurs in the red part of the absorption spectrum, more configurations with an energetically favorable orientation of the surrounding dipoles are selected. The resulting emission spectrum is already relaxed. Therefore the emission spectrum obtained with blue excitation will contain more intensky in the blue part of the emission spectrum as compared to the emission spectrum obtained using excitation in the red edge of the absorption spectrum. The ratio of the blue excited spectrum to the red excited spectrum has a characteristic wavelength dependence as shown in Fig. 2 . In the case of two different molecular species, the wavelength dependence of the ratio between the emission spectrum excited in the blue and that excited in the red will have a sigmoidal character, the details of which depend on the spectral characteristics of the two emitting species. In particular, Laurdan molecules surrounded by phospholipid in the gel phase are preferentially excited in the red part of the spectrum (above 390 nm, Fig. lB) , while Laurdan molecules surrounded by phospholipids in the liquid-crystalline phase are predominantly excited in the blue part of the excitation spectrum (below 350 nm, Fig. 1B) . Therefore, the ratio spectra should have a sigmoidal pattern, with the red part larger than the blue part.
Of course, if one of the two species also relaxes, such as Laurdan in the liquid-crystalline phase, a more complicated pattern may result, as shown in Fig. 2 . Using the Laurdan probe, it is particularly simple to distinguish between photoselection and relaxation because the two processes have opposite behaviors. Our results show that the photoselection capability persists at least in the range between 30 mol% and 70 molo/o DPPC in DLPC. As Fig. 2 shows, in this composition range of the mixture, excitation at 410 nm results in a preferential selection of the gel spectrum. This result per se implies the existence of at least two classes of Laurdan molecules, one with properties similar to Laurdan in the gel phase and the other with properties similar to Laurdan molecules in the liquid-crystalline phase. However, this qualitative observation does not imply that the spectroscopic properties are exactly those of the pure phases.
The above discussion excludes that there is a homogeneous phase in the mixture composition range between 30 mol% and 70 mol% DPPC, in agreement with a number of calorimetric and spectroscopic measurements on phospholipid mixtures.1, 20 We can now proceed to estimate how much the properties of one phase are modified by the presence of the other phase, to give the observed signals at all mixture concentrations. Instead we will assume that below 30 mol% and above 70 mol% the results are compatible with the existence of a homogeneous phase.
Consider the 50 mol% mixture. To determine how much one phase influences the other, we first calculated the simple linear combination of the two phases. We then modified the values used for the linear combination to reproduce the experimental data. If there is no modification of the properties of one phase due to the presence of the other, then the G P of the mixture should be a linear composition of the G P of the pure gel and of the pure liquid-crystalline phase. Instead, Fig. 3 shows that in the 50 mol% mixture the G P value is higher than that expected by a simple addition. We have conducted simulations to quantify the modification of the G P values of the gel and of the liquid-crystalline phase necessary to reproduce the experimental value. The simulations have been performed using the addition rule of the G P given in Parasassi et a1.l':
xs, + (1 -X)S, where x is the fraction of gel phase, GP, and GP, are the G P values in the gel and in the liquid-crystalline phase, respectively, and S, and SI represent the sum of the intensities at 440 nm and at 490 nm for the gel and for the liquid-crystalline phase, respectively.
To determine the fractional intensity for each phase necessary for the simulation, we separately measured the lifetime of the pure phases using excitation wavelength of 340 nm, and we found the values of 4.0 ns and 5.9 ns for the pure DLPC and DPPC, respectively. These measurements were obtained by integrating the emission band over all wavelengths in the respective emission spectra of the pure phospholipids. Furthermore, we have shown that there is no preferential partitioning of Laurdan between the two phases (in preparation). To reproduce the experimental values of the G P of the 50 mol% mixture, the simulation was performed using a G P value of 0.58 instead of 0.61 for pure DPPC and of 0.275 instead of 0.08 for pure DLPC. These are the best combinations of G P that fit the experimental curve at the 50 mol% point. We note that the G P values at small concentrations of DPPC in DLPC, up to about 20 mol% DPPC, closely correspond to the G P value of pure DLPC, and the G P values of the mixtures between 80 mol% and 95 mol% DPPC are close to the G P value of the pure DPPC. Therefore, if in the mixtures at low DPPC concentration, up to 20 mol%, there is a homogeneous phase in which DPPC is uniformly mixed with the DLPC, then the G P value ofthat hypothetical mixture still should be below 0.12. It is incompatible with the demonstrated Dhotoselection caDabilitv that in the 50 mol% mixture there is so much DPPC in DLPC-rich domains to justify the large change in G P necessary to reproduce the experimental values.
Next we consider time-resolved properties. The spectroscopic parameter that we analyze is the time shift of the spectral center of mass (Fig. 5) . Here we also want to determine how much the dynamic properties of one phase are modified by the presence of the other phase. To this purpose we first simulated the ideal mixture and then we modified the dynamic properties to reproduce the data of the hypothetical pure phases. Because the gel emission spectrum is blue and nonrelaxing, the gel component should decay with its own lifetime without changing the position ofthe emission maximum with time after excitation (Fig. 5A,B , plot of pure DPPC). Instead, the liquid-crystalline component will start in the blue and will shift to the red (Fig. 5A,B , plot of pure DLPC) as time progresses. The sum ofthe two time behaviors should be intermediate. We simulated data in which we superimposed two separate time-resolved spectral components, using the two measured behaviors of the spectral center of mass for the pure gel and the pure liquid-crystalline phase, with a contribution proportional to the lifetimes reported above for the pure components. The simulations are shown in Fig. 5C ,D. Although, as expected, the simulated data reproduce some of the experimentally determined features, such as the red shift of the center of mass, the simple linear combination fails to give a quantitative agreement. To understand the time-resolved behavior in terms of the previous discussion about the G P value of the 50 mol% sample, we must consider that the G P is based on average intensities, i.e. only the initial decay up to the value of the lifetime contributes to the GP, whereas the time-resolved spectra are reconstructed up to several times the value of the lifetime. In fact, the initial part, up to about 3-5 ns ofthe decay, shows that the mixtures up to 30 mol% DPPC in DLPC behave similarly to the pure DLPC, and in the mixtures above 70 mol%, DPPC in DLPC behaves approximately as pure DPPC. Instead, in the mixtures of intermediate composition the behavior is quite different. As an example for our discussion consider the mixture composed of 40 mol% DPPC in DLPC. During the first 3-5 ns this mixture behaves according to that expected from the G P values, when we account for the differences due to the influence of one phase on the other. Instead, at longer lifetimes, the mixture appears to relax much more than expected from the simple addition of the two phases. This can only be due to the more fluid character of the gel phase, when in the presence of a large amount of DLPC, that causes a substantial shortening of the average lifetime of Laurdan in the gel phase. As a consequence, the influence of the gel phase emission is reduced with respect to that expected from the simple addition of the properties of the pure phases. When we extrapolate this effect to relatively long time after excitation, up to 50 ns, which is what we do in constructing time-resolved spectra, the enhanced relaxation in the gel phase has a major effect on the long time behavior.
The crucial observation resulting from the above discussion is that either the properties of the gel and of the liquidcrystalline phase are dramatically modified by the presence of the other Dhase in the range of mixture comDosition be-tween 30 mol% and 70 mol%, or we must propose an appropriate model to explain the fluorescence measurements.
We present two different models that can qualitatively explain the results, without assuming a very strong influence of one phase on the other.
1) The possibility exists that instead of forming a homogeneous phase, as we have assumed, a small amount of DPPC in DLPC forms a phase that has a particular topology such as not to display the fluorescence properties of the gel phase, for example filaments of a gel in a liquid-crystalline phase.
The same kind of topology should occur when there is a small concentration of DLPC in DPPC. Because the properties of the mixture at 50 mol% are more gel-like, using the same kind of reasoning, we must assume that there is an interdigitation of the liquid-crystalline phase in the gel phase.
Of course, we recognize that this is an a d hoc hypothesis, which requires further investigation. When excitation occurs at wavelengths where there is a preferential absorption of Laurdan molecules in the liquid-crystalline phase, there is a re-equilibration between the phases during the excited-state lifetime. This diffusion process can bring excited Laurdan molecules from the liquid-crystalline phase to the gel. This transient migration can result in an apparent increase in the fraction of molecules fluorescing from the gel phase. If excitation occurs at wavelengths where Laurdan molecules in the gel phase are selected, the reverse process should in principle occur, but the resulting effect is smaller, due to the difference in diffusion coefficients between the two phases. This diffusion process can explain qualitatively the different behaviors at the two excitation wavelengths of Fig. 3 in which excitation at 410 nm selects Laurdan molecules in the gel phase, and this results in an apparent preferential partitioning. For this mechanism to be efficient, the individual domains must be very small. The area-to-perimeter ratio must be as small as possible. Again, either we have a filament type of topology or a distribution of patches with some of them very small, of about 20-50 A, to allow efficient transfer to the other phase.
2) Fast interconversion between phases. This model as-
This estimation is based on the approximate values of diffusion coefficients of similar molecules and on the observation that a relatively large fraction of Laurdan molecules migrate to the other phase during their excited-state lifetime.
This picture is in line with molecular dynamics calculations performed in homogeneous phase at the phase transition temperature,23 which predicts the existence of very small patches of one phase into the other.
In conclusion, among the two above models the one concerning the peculiar topology of the mixing of the different phases requires a specific hypothesis to explain the data. On the other hand, the fast interconversion model is based on the physical process of diffusion between coexisting domains with sharp boundaries. In both models domain coexistence must be assumed. The hypothesis that there is an averaged phase that displays properties that are neither of the gel nor of the liquid-crystalline phase is not compatible with the photoselection experiments. Finally, the photoselection results strongly suggest the coexistence of separate gel and liquid-crystalline domains in the same vesicles, in a wide range of phospholipid compositions (from 30 mol% to 70 mol% DPPC in DLPC). The domains must be relatively small to explain the data (from 20 8, to 50 8,). In addition, the properties of the gel and liquid-crystalline phases in the presence of the other phase are substantially different from the properties of the pure phases.
